The effects of prolonged (>2 hr) darkness and background illumination on the light responsiveness of cone horizontal cells were examined in isolated, superfused white perch retinas. In retinas from fish maintained in complete darkness for more than 2 hr, cone horizontal cells had a resting membrane potential of about -18 mV, and they generated only slow, low-amplitude (3-4 mV) responses even when stimulated with bright flashes. Following the presentation of dim background light, the cone horizontal cells slowly hyperpolarized and thereafter remained at a more hyperpolarized level (about -25 mV). Concurrently, their light responses were dramatically enhanced in size, and response amplitudes to bright flashes eventually increased to about 50 mV. This was accompanied by noticeable changes in response waveforms;
following light exposure, the responses became faster and showed initial on-transients.
The increase in cone horizontal cell responsiveness was graded with intensity of the background light. A similar enhancement in response amplitudes of cone horizontal cells occurred after presenting bright flashes repetitively at intervals of 9 sec. This background sensitization phenomenon was observed in both Land C-type cone horizontal cells. When light-sensitized isolated retinas were maintained in darkness for long periods (>30 min), the light responsiveness of cone horizontal cells gradually decreased. The changes in membrane potential and response waveform were opposite to those that occurred when prolonged dark-adapted retinas were exposed to background lights; the cells depolarized by 5-7 mV and light-evoked responses became slower.
Effects of background illumination on rod-driven horizontal cells were examined as well. Rod horizontal cells were about 2 log units more sensitive to white light than were cone horizontal cells. When recorded in prolonged dark-adapted retinas, rod horizontal cells showed large responses (-50 mV), which could not be further enhanced by background illumination.
Cone horizontal cell responsiveness in the carp retina was also depressed by prolonged darkness and increased by illumination in a fashion similar to that observed in the white perch retina. The change in response amplitude was only about 2-fold in carp compared with 5-to lo-fold changes observed in white perch. These results indicate that the light responsiveness of cone horizontal cells in the teleost retina is suppressed in prolonged darkness and that background lights release the cells from suppression.
We conclude that cone horizontal cells require background illumination to maintain high light responsiveness and propose that this phenomenon may be a general one in vertebrate retinas.
Most vertebrate retinas contain 2 types of photoreceptors, rods and cones, which process visual information at different levels of ambient illumination. Rods mediate dim light vision, while cones are responsible for bright light and color vision. It has long been known that rods remain saturated when ambient illumination exceeds certain levels, and thus they cannot contribute to vision under these circumstances. On the other hand, cones and cone pathways are generally thought to remain functional at all levels of illumination, even in complete darkness. In recent years, however, several studies have shown that cone pathways in the teleost fish are depressed when an animal or retina is left in the dark for prolonged periods of time (> 1 hr) and that responsiveness of the cone system returns following illumination of the retina. The first of these studies was carried out by Reynauld et al. (1979) who reported that the doubleopponent ganglion cells in the goldfish lost color opponency within 1 hr of dark adaptation and became entirely unresponsive during the next 2 hr. Normal responses could be restored to these cells by illuminating the retina with a background light for a few minutes. Subsequently Yang et al. (1982a) studied long-term dark adaptation in goldfish horizontal cells that receive input exclusively from cones. They recorded intracellularly from an opened eye of an intact, immobilized fish. They found that the responses of the L-type cone horizontal cells to full-field illumination increased in amplitude for approximately 20 min after the beginning of dark adaptation, but they then decreased significantly in amplitude-to lo-20% of earlier values-when the preparation was left in the dark for more than 1 hr. Further, they showed that dim background illumination restored the light responsiveness of the cone horizontal cells to control levels, i.e., to the maximal amplitude levels observed after about 30 min of dark adaptation.
More recently, Mange1 and Dowling (1985, 1987) reported that the responses of cone horizontal cells to full field stimuli, recorded from carp retinas isolated from animals dark-adapted for roughly 2 hr, were only about 40% the amplitude of horizontal cell responses recorded from retinas isolated from animals dark-adapted for just 30-40 min. In addition, the amplitudes of responses to small spot stimuli (< 1.6 mm) were increased in horizontal cells from retinas of prolonged dark-adapted animals compared with the responses of horizontal cells to the same stimuli in retinas of short-term, dark-adapted retinas. They concluded that prolonged darkness produces 2 effects on horizontal cells: a decreased responsiveness to light and a constriction of the cell's receptive fields. These changes in horizontal cell responses produced by prolonged darkness closely resemble the changes in horizontal cell responses induced when dopamine is applied to the teleost retina, and they suggested that the alterations in horizontal cell responses induced by prolonged darkness may be caused by the release of endogenous dopamine.
In the teleost retina, cone horizontal cells receive direct synaptic input not only from photoreceptors but also from interplexiform cells, neurons whose perikarya are located among the amacrine cells and which send processes to the outer plexiform layer where they make numerous synapses onto the cone horizontal cells Ehinger, 1975, 1978) . In teleosts one type of interplexiform cells uses dopamine as a neurotransmitter (Ehinger et al., 1969; Chino and Hashimoto, 1985) , and this catecholamine has been shown to suppress the light responsiveness of cone horizontal cells as well as to uncouple them electrically from one another (Hedden and Dowling, 1978; Negishi and Drujan, 1978; Teranishi et al., 1983 Teranishi et al., , 1984 Hankins and Ruddock, 1984; Lasater and Dowling, 1985) . These observations suggest that the interplexiform cells and dopamine are involved in the modulation of cone horizontal cell activity by prolonged darkness.
In this series of papers we describe the effects of prolonged darkness and background illumination on the activity of rod and cone horizontal cells in the white perch retina and examine the hypothesis that the dopaminergic interplexiform cells in the retina mediate the observed changes. We have found that prolonged darkness dramatically alters the light responsiveness and electrical coupling of cone horizontal cells in the white perch retina, making this preparation an ideal one in which to study these phenomena. The results suggest that the interplexiform cells and dopamine mediate most of the changes induced in horizontal cells by prolonged darkness, and they indicate that this system may provide a model of neuromodulation in the vertebrate brain. In this first paper we show how the light responsiveness of cone horizontal cells is regulated by prolonged darkness and by background illumination.
Materials and Methods
Preparation. White perch (Coccus americana) lo-20 cm long, caught in Oyster Pond, Falmouth, MA, were maintained in aerated aquaria on a 12: 12 hr 1ight:dark cycle at approximately 19°C. Prior to an experiment the fish were dark-adapted for a minimum of 2 hr. Unless otherwise specified, retinas from these animals will be referred to as prolonged dark-adapted preparations. The eyes were enucleated and hemisected, and the opened eye cups inverted onto Millipore filters. The retina was carefully separated from the pigment epithelium and placed receptor side up in a superfusion chamber, 1.4 cm in diameter with a volume of 0.5 ml. All of the procedures were performed under dim red light. The superfusion techniques have been previously described (Mange1 and . Briefly, the superfusion medium that flowed over the isolated retina was delivered to the chamber via fine polyethyline tubing and was drained out by tissue paper placed on the edge of the chamber. The composition of the superfusion medium included: 145 mM NaCl. 2.5 mM KCl. 20 mM NaHCO,. 20 mM alucose. 0.7 mM CaCl,. and 0.1 mu MgSO,. This solution was continuously bubbled with a mixture of 97% 0, and 3% CO,, thus keeping the pH at 7.7. Under these conditions the retina functioned normally for more than 5 hr, as judged by the electroretinogram and responses of horizontal cells. Some experiments were conducted on retinas from fish kept in darkness for only 20 min. These served as control or short-term dark-adapted preparations.
Some experiments were also performed on superfused carp retinas (Cyprinus curgio). The isolation and superfusion procedures were the same as described for the white perch. The Ringer's solution used for the carp experiments contained: 110 mM NaCl, 2.5 mM KCl, 20 mM NaHCG,, 20 mM glucose, 0.1 mM CaCl,, and 0.1 mM MgSO,. It was bubbled with a mixture of 97% 0, and 3% CO, and maintained at nH 7.6 (Mange1 and . _ Intracellular recording system. Glass micropipettes, used for intracellular recordings, were made with a modified Livingston-type puller and filled with 4 M potassium acetate. Their resistances, measured in the superfusion medium, were 70-l 20 MQ. Cell penetration was facilitated by transiently oscillating the preamplifier circuit. The recording micropipettes were connected through a DC amplifier (M-4A, W-P Instruments, Inc.) to an oscilloscope and a pen recorder (Gould Brush Recorder, model 280) .
Photostimulation. The dual-beam photostimulator, employing 100 W tungsten halogen lamps, has been previously described (Dowling and Ripps, 1971; Hedden and Dowling, 1978) . The size of the light spot on the retinal surface could be varied from 0.1 to 8 mm (full field). Light intensity was attenuated by calibrated neutral filters over a range of 8 log units. The unattenuated intensity (Log I = 0) of the 2 white light beams was 1.54 x lo2 PLW cm-2, and the intensities noted in the text are in log units relative to this intensity. Unless otherwise specified, flashes of white light were used throughout. Monochromatic lights between 420 and 720 nm, provided by narrow-band interference filters, were used for determination of the spectral sensitivity of rod horizontal cells and for classification of cone horizontal cells. The maximum intensity of the monochromatic light was 4.9 x 10" quanta cm-2 set-' at 520 nm. Duration of light flashes was controlled by magnetic shutters and set at 500 msec throughout.
Identz$cation of horizon& cells. The different types of horizontal cells were identified bv nreviouslv established criteria (Werblin and Dowlina. 1969; Kaneko, 1970; Mitarai et al., 1974; Yang~ et al., 1982b; Mange1 et al., 1985) . All horizontal cells recorded showed sustained, graded responses with large receptive fields. L-type cone horizontal cells were located most distally in the retina, and they hyperpolarized in response to all spectral stimuli with a peak sensitivity at around 600 nm. Responses of C-type horizontal cells differed in polarity depending on the stimulus wavelength, and in the white perch, they were always biphasic; the cells hyperpolarized to short and intermediate regions of the spectrum but depolarized to deep-red (2680 nm) stimuli. C-type cells in the white perch retina were 0.5 log unit more sensitive to white light compared to L-type cells, and they resided more proximally in the retina. Rod horizontal cells were the most proximally located of all horizontal cells and were impaled after the pipettes had penetrated through L-and C-type cone horizontal cells. The rod cells gave slower responses and were at least 2 log units more sensitive to white light than were L-type cone horizontal cells.
The responses of cone horizontal cells are strongly suppressed after prolonged dark adaptation; thus, their responses were initially too small to classify. The classification of cone horizontal cells into L-or C-type was possible only when the retina had been illuminated by background lights. In all experiments, we tried to present light spots approximately centered over the impaled cells. In prolonged dark-adapted retinas this was accomplished by moving a small light spot (0.4 mm diameter) around the receptive field of a rod horizontal cell until a maximum response was obtained. Since the rod horizontal cells were highly sensitive to liaht. a dim light snot (Loa I = -4.75) could be used for this purpose, which avoided disturbing The prolonged dark-adapted state of the cone horizontal cells. In short-term dark-adapted retinas the same procedure was performed using the responses of cone horizontal cells. Intensities of the light flashes, indicated above the record traces, are in log relative units. Flashes of white light were used throughout unless otherwise specified. Flash duration, 500 msec.
Results

Cone horizontal cells
After prolonged dark adaptation, responses of cone horizontal cells were very small, even when elicited with bright flashes. Responses of an L-type cone horizontal cell, recorded from a retina dark-adapted for more than 2 hr, to full field flashes of various intensities are shown in the upper row of Figure 1 . The cell showed a normal threshold response (about 1 mV) to a dim The Journal of Neuroscience, July 1988, 8 (7) 2261 flash (Log I = -3.51), but its responses increased only slightly in amplitude with increasing intensity. Even with the brightest flash employed (Log Z = -0.98), the response amplitude of the cell was only 3 mV. Moreover, the response waveforms were relatively slow and the time-to-peak of the responses were around 400 msec. These features of cone horizontal cells were observed in 52 cells studied in prolonged dark-adapted retinas. Response amplitudes of these cells to flashes of Log I = -0.98 averaged 3.5 * 2.1 mV.
Efects of background illumination
Response amplitudes of L-type horizontal cells were dramatically enhanced following background illumination. The lower row of Figure 1 shows responses of the cell, whose responses are illustrated in the top row, to the same intensity flashes about 30 set after a 3 min presentation of a moderate background light to the light (Log Z = -1.78). Presentation ofthe background light resulted in 2 significant changes in the responses of the cell. First, while the response to the dim flash (Log Z = -3.5 1) still remained small, all other responses increased dramatically in amplitude so that the response to the brightest flash (Log Z = -0.98) was 45 mV. In addition, characteristic changes in waveform occurred. The rising phase of the responses became much faster and the time-to-peak was shorter than 150 msec. Furthermore, an initial transient at flash onset (on-transient) and a depolarizing rebound at flash offset (off-rebound) could be clearly seen in many of the responses (arrows, Fig. 1 ). Figure 2 shows changes in membrane potential and response waveform of another representative L-type cone horizontal cell recorded in a prolonged dark-adapted retina during a 10 min presentation of a dim background light (Log Z = -2.53). The background light initially hyperpolarized the cell by about 2 mV; each minute thereafter, the background light was turned off for a few seconds. When the membrane potential of the cell stabilized, it was recorded (data points in Fig. 2) , and a response to a moderate flash (Log Z -1.78) elicited. The initial dark membrane potential of the cell was -17 mV. Following the presentation of the background light, the cell slowly hyperpolarized by 7 mV in the first 5 min; the membrane potential then remained constant. Response amplitudes increased from 3 to -10 -o-.-.-e -.-.
Log I = -1.78
Figure 2. Changes in membrane potential and response waveform of an L-type cone horizontal cell during dim background illumination. Dim background light (Log Z = -2.53) was turned on at time 0. The background light was turned off for about 5 set each minute thereafter during which time the membrane potential and the response to a moderate test flash (Log Z = -1.78) were recorded (see text). The initial membrane potential of the cell was -17 mV, the cell gradually hyperpolarized by 7 mV in the first 5 min of background illumination and then leveled o'ff. The light-evoked responses were initially small and slow, but they became larger and faster with time. An initial on-transient developed about 5 min after onset of the background light; thereafter, it became more and more conspicuous. The cell recorded was from a prolonged dark-adapted retina and initially had a membrane potential of -17 mV. The responses to the bright flashes dramatically increased in size over time, and the cell gradually hyperpolarized. Initially, the response was only 4 mV, but it gradually increased to about 50 mV. depicts changes in voltage-intensity (V-Log Z) curves following the presentation of background lights of increasing intensity, determined in a single L-type cone horizontal cell. A V-Log I curve for the cell was first recorded in darkness (filled circles). The curve was extremely flat, and the response amplitudes increased by only 2.5 mV over a range of 2.55 log units. Dim full field background light (Log Z = -2.53) was presented to the retina for 5 min. The V-Log I curve recorded subsequently was considerably steeper (open circles), and the response amplitude to a flash of Log I = -0.98 had increased from 3 to 25 mV. The intensity of the background light was then increased to Log Z = -1.78, and following a 2 min presentation of this background light, a still steeper I/-Log Z curve was recorded. The response amplitude to the bright flash (Log Z = -0.98) was now 50 mV. Note that the V-Log Z curves of the cell were in the same position on the intensity axis, although they differed dramatically in amplitude. That is, the intensity necessary to evoke a half-maximal response was about the same for all 3 curves. A further increase in intensity of the background light (to Log Z = -0.98) did not increase response amplitudes further but did cause the V-Log Z curve to shift slightly to the right along the intensity axis. This likely reflected a decrease in photoreceptor sensitivity induced by the relatively bright background light.
Similar enhancement in response amplitudes of cone horizontal cells was observed after presenting short (0.5 set) bright flashes repetitively to a prolonged dark-adapted retina. relatively slow, but they gradually became faster following the repetitive flash presentations and were characterized by conspicuous on-transients (not shown). The changes in both membrane potential and response amplitudes, observed during the presentation of repetitive flashes were very similar to those induced by steady background illumination. We have also examined the effects of background lights on cone horizontal cell responsiveness in retinas from fish (n = 3) that were kept in complete darkness for 20 min, rather than 2 hr. In these short-term dark-adapted retinas, cone horizontal cells initially exhibited high light responsiveness. Also, their responses were fast and showed conspicuous on-transients. These features are similar to those of cells recorded when prolonged dark-adapted retinas had been exposed to background light. Figure 5 shows V-Log Z curves of an L-type cone horizontal cell determined in the dark and after background illumination in a short-term dark-adapted retina. The cell was impaled when the retina had been kept in the dark or dim red light for about 30 min. The V-Log Z curve of the cell when first determined (filled circles) was steep, similar to that for cells recorded in retinas exposed to moderate background light (compare with Fig. 3 ). Following a 2 min presentation of a moderate background light (Log I = -1.78), the responses of the cell to the same intensity flashes (open circles) were unchanged or were slightly decreased in amplitude. In other words, no background sensitization was observed in such preparations.
Efects of prolonged darkness
When an isolated retina from a short-term dark-adapted fish was maintained in complete darkness, the responsiveness of the horizontal cells gradually decreased with time ( Fig. 6 ). In these experiments, the fish were kept in complete darkness for 20 min before eye enucleation and retina1 dissection. An additional 10 min elapsed before a cone horizontal cell was penetrated with the micropipette, so that the total time for the cell in the dark or dim red light before the recording was made was approximately 30 min. The retina was then maintained in the dark and the response properties of the cells (responsiveness, membrane potential, and waveform) monitored. Figure 6a shows examples of V-Log Z curves measured at different times from a typical cell. The first V-Log Z curve determined at 30 min was rather steep and typical of those of short-term dark-adapted retinas, i.e., the response amplitude to a flash of Log Z = -0.98 was 52 mV. However, with further time in the dark, the responses of the recorded cell slowly decreased in amplitude, and the V-Log Z curves subsequently became less steep. After 45 min in the Log I Figure 7 . Effects of background illumination on the light responsiveness of a C-type cone horizontal cell recorded from a fish dark-adapted for more than 2 hr. The V-Log I curve first determined in prolonged darkness (/illed circles) was very flat. Following a 2 min presentation of moderate background light (Log Z = -1.78), the V-Log I curve subsequently determined (open circles) was considerably steeper and the response amplitude to a bright flash (Log I = -0.98) increased from about 6 to 49 mV. dark, the maximum response amplitude had decreased to about 28 mV, and by 60 min the response amplitude to a flash of Log Z = -0.98 was only 10.5 mV. The cell was lost shortly thereafter, and further changes in the V-Log Z curve could not be traced. Similar results were obtained in 3 other short-term dark-adapted retinas maintained in darkness. Figure 6b shows changes in the membrane potential and response waveform of this cell as a function of time in the dark. The initial membrane potential of the cell in the short-term dark-adapted retina was more negative (-26 mV in this cell, -25 & 4.4 mV on average, n = 6) than that of cells recorded in prolonged dark-adapted retinas (-18 f 3.8 mV on average, n = 28; p < 0.01, t test). With additional time in the dark, the cell gradually depolarized and attained a resting level of -17.5 mV at 50 min. Changes in the response waveform were also observed. Initially the response to a bright test flash (Log Z = -0.98) had a fast rising phase and an on-transient, and this waveform persisted for approximately 40 min in the dark. The response then became slower, and the on-transient gradually diminished until it became indiscernible at 60 min.
In other experiments, retinas were dissected from fish maintained in the dark for more than 2 hr and then exposed to dim (Log Z = -2.53) background light. As expected, the light responsiveness of cone horizontal cells was enhanced by the background light. When these retinas were subsequently returned to complete darkness, light responsiveness decreased slowly with time in a fashion similar to that shown in Figure 6 . However, it was found that following the presentation of a brighter background light (Log Z = -1.78) to prolonged dark-adapted retinas, cone horizontal cells remained at a stable, highly responsive state for long periods and they did not return to the low responsive state even when retinas were left in darkness for more than 2 hr.
C-type cone horizontal cells Although most of our recordings were from L-type cone horizontal cells, we also observed the background sensitization phenomenon in C-type cone horizontal cells. Figure 7 shows VLog Z curves recorded from a representative C-type cell (1 of 8 cells studied) prior to and following a 2 min presentation of moderate background light (Log Z = -1.78) to a prolonged darkadapted retina. As was the case with L-type cone horizontal cells, the V-Log Z curve recorded following the background light was much steeper than that recorded in prolonged darkness. Changes in membrane potential and response waveform occurring in C-type cells after the presentation of background illumination were also comparable to those observed in L-type cells.
Responses of rod horizontal cells and effects of background illumination
Although cone horizontal cells exhibited very small responses in retinas maintained in prolonged darkness, rod horizontal cells typically showed large responses in both short-and long-term dark-adapted retinas. Compared with cone horizontal cells, rod horizontal cells characteristically had larger resting potentials (about -35 mV) and were more sensitive to light. A threshold response (-2 mV) could be elicited from rod horizontal cells by a light flash as dim as Log Z = -5.75. We did notice that the rod horizontal cells in short-term dark-adapted retinas tended to have somewhat smaller maximum amplitudes (-25%) than was the case in prolonged dark-adapted preparations. Figure 8 shows responses of a rod horizontal cell in prolonged darkness to light flashes of increasing intensity. The responses were relatively slow and lacked initial on-transients. It is noteworthy that a flash of Log Z = -3.5 1, although just eliciting a threshold response from cone horizontal cells (Fig. l) , saturated the response of this cell. Further increases in intensity led to a slower recovery of the membrane potential of the cell to the dark resting level.
In Figure 9 the V-Log Z curve of a rod horizontal cell in prolonged darkness is compared with the V-Log Z curves of a representative L-type cone horizontal cell determined in pro- Log I curve of the rod horizontal cell is shifted to the left by 2 log units on the intensity axis.
longed darkness and following background illumination. (Flashes of white light were used in these experiments.) In prolonged darkness the V-Log I functions of the rod and cone horizontal cells were strikingly different. Following a 3 min presentation of moderate background light (Log I = -1.78) to the retina, which enhanced the light responsiveness of the cone cell to its maximum level, the V-Log I curves of the rod and cone cells were now similar in shape, although the V-log I curve for the rod horizontal cell was located about 2 log units to the left on the intensity axis. We found that the intensity of light needed to begin to sensitize cone horizontal cells was about Log I = -3.00 (see Fig. 3 ). This intensity of illumination produces responses in rod horizontal cells that are near or at saturation levels. When a background light of Log I = -2.53 was presented to the retina for 5 min, rod horizontal cells were maximally hyperpolarized (by -40 to -50 mV), and they remained at this saturation level for as long as the background light remained on. When the background light was turned off, the membrane potential of the cell returned to the resting level slowly, and it took about 1 min for full membrane potential recovery. When a V-Log I curve subsequently recorded was compared with one determined before the background illumination, it was invariably found, as shown in Figure 10 , that the former curve was slightly displaced to the right on the intensity axis by 0.2-0.3 log unit. No enhancement of light responsiveness was ever observed in rod horizontal cells following background illumination.
Modulation of horizontal cell responsiveness in carp retinas Modulation by prolonged darkness and background illumination of cone horizontal cells ofthe carp retina was also examined. In isolated and perfused carp retinas, the extent of modulation of the cone horizontal cells was considerably less than that observed in the white perch retina. In prolonged dark-adapted retinas, maximum response amplitudes were typically between 20 and 30 mV. After exposure to background lights, the responses increased in size to between 40 and 50 mV, and the cells' resting membrane potential hyperpolarized. Changes in response waveform, similar to those observed in the white perch retina, occurred as well. That is, responses usually became faster and showed more conspicuous on-transients. on the responsiveness of a rod horizontal cell. A V-Log I curve was first determined in prolonged (> 2 hr) darkness (filled circles). Dim background light (log I = -2.53), which maximally hyperpolarized the cell by 50 mV, was then presented for 5 min. After the background light was turned off, and the membrane potential had returned to the original dark level, a second V-Log I curve was determined (open circles). The 2 V-Log I curves were quite similar. gesting that this sensitization phenomenon is independent to a certain extent of the temporal pattern of light presentation. These results indicate that cone horizontal cells require background illumination to maintain high light responsiveness. Earlier studies reported findings in accord with this conclusion. When dark adaptation of L-type cone horizontal cells was studied in goldfish eyecups in fish with the circulation intact (Yang et al., 1982a) , it was found that the responses of the cells increased in amplitude for approximately 20 min after the beginning of dark adaptation but then significantly decreased in amplitude after the preparation was left in the dark for more than 1 hr. Further, it was shown that dim background illumination restored the light responsiveness of cone horizontal cells following prolonged darkness to maximum levels, i.e., to levels observed after 30 min of darkness. With isolated superfused carp retinas, Mange1 and Dowling (1985, 1987) observed that, following prolonged darkness, response amplitudes of cone horizontal cells to large spots of light (> 1.6 mm diameter) were significantly smaller than were responses elicited with the same stimuli from cone horizontal cells of short-term dark-adapted retinas.
Our results are consistent with, and extend, these previous findings. For example, resting membrane potentials and response waveforms of horizontal cells were carefully monitored in short-and long-term dark-adapted retinas and during the shifts between these states. In prolonged dark-adapted retinas the resting membrane potential of cone horizontal cells was at a less hyperpolarized level (--18 mV) than was the resting membrane potential of cells in short-term dark-adapted retinas (--25 mV) . During the presentation of background lights to prolonged dark-adapted retinas, the horizontal cells hyperpolarized in the first 5 min by 5-7 mV and thereafter remained at the more hyperpolarized level. Conversely, when short-term dark-adapted retinas were kept in the dark for long periods, the cells gradually depolarized with time, by 5-7 mV, and remained at the less hyperpolarized level (--18 mV). Curiously, the light recurve for the cell determined in darkness was relatively shallow, and the response amplitude to a flash of Log I = -0.98 was 24 mV. After dim background light (Log I = -2.53) had been presented to the retina for 1 min, the V-Log Z curve recorded subsequently was considerably steeper, and the response amplitude to a flash of Log Z = -0.98 was to 35.5 mV. Re-exposure of the retina to background light of the same intensity failed to change response amplitudes, but a 0.75 log unit increase in intensity of the background light (to Log Z = -1.78) resulted in a still steeper I/-Log Z curve, and the response amplitude to the flash of Log Z = -0.98 increased to 44 mV. Following presentation of the background lights, the cell's resting potential also gradually hyperpolarized by 7 mV. As in the white perch retina, the background sensitization phenomenon was not observed in short-term dark-adapted retinas. Discussion sponsiveness of cone horizontal cells appeared to change more gradually than the membrane potential; that is, the light responsiveness of the cells continued to change even after the resting membrane potentials had reached stable levels. However, it is clear that mechanisms regulating both membrane potential and light responsiveness of cone horizontal cells come into play when the background illumination is altered.
In addition, after prolonged darkness, cone horizontal cells in white perch exhibited relatively slow response waveforms and showed no on-transients. Following background illumination, or in short-term dark-adapted retinas, the responses of the cone horizontal cells were faster and were characterized by conspicuous on-transients. On-transients of cone horizontal cell responses have generally been attributed to feedback interactions between the horizontal cells and the photoreceptors (Baylor et al., 197 1; O'Bryan, 1973; Fuortes et al., 1973; Burkhardt, 1977; Wu and Dowling, 1980) . In prolonged darkness, cone horizontal responses are so depressed in amplitude that the strength of feedback on to the receptors must be minimal, perhaps accounting for the lack of on-transients in horizontal cells in prolonged dark-adapted retinas.
Cone horizontal cells in the white perch show only small responses (maximum of about 4 mV) after the retina has been in the dark for a prolonged period (>2 hr), indicating that the light responsiveness of these cells is strongly suppressed following prolonged darkness. The light responsiveness increases dramatically following the presentation of background lights to the retina. The extent of the light sensitization depends on the intensity of the background illumination. Brighter background lights cause larger increases in responsiveness (up to maximum) unless they produce some light adaptation of the photoreceptors. Furthermore, relatively bright flashes presented repetitively produce the same effects as do continuous background lights, sug-A possible explanation that might be advanced for the decreased responsiveness of cone horizontal cells in isolated retinas after prolonged darkness is damage to cones caused by the separation of the retina from the pigment epithelium. Cones elongate in the dark (Bumside and Nagle, 1983; Bumside and Dean-y, 1986 ) and some of the cones could be torn off during the isolation of the retina from the eyecup after prolonged darkness. However, that background illumination enhances the light responsiveness of cone horizontal cells to levels comparable to those observed in short-term dark-adapted retinas eliminates the possibility that cone damage is responsible for the decreased responsiveness in prolonged darkness.
Rod horizontal cells Rod horizontal cells were readily recorded in the white perch retina. These cells were located most proximally of all horizontal cells; they were at least 2 log units more sensitive than cone horizontal cells, and their spectral sensitivity peaked at about 520 nm. Rod horizontal cells yielded large responses when recorded from prolonged dark-adapted retinas. Furthermore, presentation of dim background illumination (Log Z = -2.53) slightly decreased, rather than enhanced, the responsiveness of the rod horizontal cells in the prolonged dark-adapted state. When background light was increased to Log Z = -1.78, it was found that the light responsiveness of rod horizontal cells was strongly depressed and that the membrane potential remained at a maximally hyperpolarized level for long periods of time, even after the background light had been turned off. Recovery of both light responsiveness and membrane potential following the moderate background light adaptation was impossible to monitor to completion but appeared to require at least 30 min. We conclude that rod horizontal cells are maximally responsive in the dark and that their responsiveness changes only as rod responsiveness changes. In other words, the background sensitization phenomenon is observed only in cone horizontal cells.
An obvious question is whether rod-cone interaction is involved in the suppression of cone horizontal cell responses in prolonged darkness. It is possible that cone responses or cone pathways could be suppressed by rod activity, and rod-cone interaction has been reported in amphibians (Hood, 1972; Frumkes, 1987) mammals (Rodieck and Rushton, 1976) , and man (Goldberg et al., 1983 , Coletta and Adams, 1984 , Frumkes et al., 1985 . Although this is a plausible speculation, our evidence argues against it. First, presentation to the prolonged darkadapted retina of a background light (Log Z = -4.75) that was below threshold for the cone horizontal cells but strongly activated the rod horizontal cells (see Fig. 9 ) failed to enhance the light responsiveness of cone horizontal cells. Furthermore, the responsiveness of cone horizontal cells exposed to dim background light (Log Z = -2.53) could be further enhanced by a brighter background light (Log Z = -1.78). Both of these backgrounds were of sufficient intensity to induce maximal responses in the rods (Fig. 9) , and therefore they should have exerted equivalent effects on the cone horizontal cells if the light sensitization were related to rod responses. That the increase of responsiveness requires background lights bright enough to stimulate the cone horizontal cells and that the sensitizing effect is roughly graded over the intensity range of the cone horizontal cells suggest that the sensitization phenomenon is cone mediated.
Horizontal cells in carp and other species In the carp retina, a similar suppression of light responsiveness of cone horizontal cells in prolonged darkness and an enhancement of light responsiveness by background illumination have also been observed in accord with earlier results (Mange1 and . However, although the same dissection and recording procedures were followed, carp cone horizontal cells from prolonged dark-adapted preparations showed responses clearly larger than those recorded from cone horizontal cells in the white perch retina under similar conditions. While the response amplitudes of cone horizontal cells to a bright flash (Log Z = -0.98) were only about 4 mV in the perch, they were about 24 mV in the carp. This may reflect a species difference in the extent of suppression of cone horizontal cells by prolonged darkness. On the other hand, whereas in the perch retina cone horizontal cells were still under strong suppression following dissection and preparation set-up, the dim red light used for dissecting and set-up might have sensitized cone horizontal cells to some extent in the carp retina. This explanation is supported by observations that the response amplitudes of cone horizontal cells recorded in the intact goldfish decreased to levels comparable to those of the white perch cells when the preparation was kept in complete darkness for more than 1 hr (Yang et al., 1982a) . Isolation of the retina from the eye could also affect the extent of dark suppression of cone horizontal cells, and this might vary among species. It has recently been shown that centrifugal fibers make synapses on interplexiform cells in teleosts (Zucker and Dowling, 1987) , and, as shall be shown in the accompanying papers (Tornqvist et al., 1988; Yang et al., 1988) the interplexiform cells appear to play a major role in regulation of these phenomena. Alteration of synaptic input to the interplexiform cells, by isolating the retina from central influences, could affect the release of neuroactive substances from the interplexiform cells.
Suppression of the light responsiveness of cone-driven horizontal cells in prolonged darkness may be a more general phenomenon, and not limited to these cells in the teleost retina. Horizontal cells are known to mediate the antagonistic surround responses of photoreceptors, bipolar cells, and many ganglion cells (Werblin and Dowling, 1969; Naka, 1972; Naka and Witkovsky, 1972; Dacheux, 1976, Mange1 and Miller, 1987) , and it has long been recognized that the antagonistic surround responses of ganglion cells are reduced in strength or are entirely absent following a prolonged period in the dark. This has been reported for the cat (Barlow et al., 1957; EnrothCugell and Lennie, 1975) frog (Donner and Reuter, 1965) and rabbit (Masland and Ames, 1976) . In the cat and frog, it was shown that this phenomenon is not related to the switch from cone to rod vision but to some other mechanism (Barlow et al., 1957; Donner and Reuter, 1965) . Suppression of the responsiveness of cone horizontal cells after prolonged darkness could account for this change in antagonistic surrounds of ganglion cell receptive fields (see Mange1 and Dowling, 1987) .
Finally, it is noteworthy that the double color-opponent ganglion cells in the goldfish retina were reported to lose color opponency within 1 hr of dark-adaptation and then to become entirely unresponsive during the next 2 hr (Raynauld et al., 1979) . The loss of color opponency of ganglion cells could be accounted for by suppression of cone horizontal cells after prolonged darkness, but it is difficult to explain the entire failure of ganglion cells to respond to light stimulation on this basis. That is, horizontal cells are thought to provide ganglion cells with the surrounds of their receptive fields but not their center field responses (Werblin and Dowling, 1969; Naka, 1972; Naka and Witkovsky, 1972) . Loss of the light responsiveness in receptive field centers of ganglion cells suggests that cone signals may be suppressed more generally in the retina after prolonged darkness, perhaps in bipolar cells or in the cones themselves, but this remains to be shown.
